Neuronal intracellular Clconcentration ([Cl -] i ) influences a wide range of processes such as 23 neuronal inhibition, membrane potential dynamics, intracellular pH (pH i ) or cell volume. Up to 24 date, neuronal [Cl -] i has predominantly been studied in model systems of reduced complexity. Here, 25
the role of Clregulation in pathophysiological conditions such as epilepsy or schizophrenia in vivo 91 (Kaila et al., 2014; Sullivan et al., 2015) . 92 93 μ M nigericin and 5 μ M tributyltin acetate (Alfa Aesar). Cells were perfused in the 126 presence of ionophores with calibration solutions of different [Cl -] or pH at a rate of 2 ml/min. 127
High-[Cl -] calibration solution contained 105 mM KCl, 48 mM NaCl, 10 mM HEPES, 20 mM 128 D(+)-glucose, 2 mM Na-EGTA, and 4 mM MgCl 2 . Clfree calibration solution was composed of 10 129 mM HEPES, 20 mM D(+)-glucose, 48 mM Na-gluconate, 105 mM K-gluconate, 2 mM Na-EGTA, 130 and 4 mM Mg(gluconate) 2 . Intermediate [Cl -] solutions were prepared by mixing these two 131 solutions. The KF solution used to saturate SCLM contained 10 mM HEPES, 20 mM D(+)-glucose, 132 48 mM NaF, 105 mM KF, 2 mM Na-EGTA, and 4 mM Mg(gluconate) 2 . For SCLM calibration 133 curves, all salines were adjusted to pH 7.10 or pH 7.45. For SE-pHluorin calibration curves a 134 calibration solution of 5 mM Clwas titrated to different pH values. Image acquisition started after 135 10 min. of incubation with the first calibration solution containing the ionophores and subsequent 136 incubations were 6 min. each. Only a maximum of 4 incubations were performed per coverslip to 137 avoid deterioration of the culture. SCLM calibration curves were constructed by fitting scatter plots 138 of FRET ratios vs. [Cl -] to the equation [Cl -] = K d ((R max -R)/(R-R min ))(C f /C b ) where R is the 139 YFP/CFP emission ratio, R max and R min are the maximum and minimum ratios, C f and C b are the 140 absolute CFP fluorescence values in the Clfree and fully bound state respectively (Grimley et al., 141 2013) . Average R max , R min , C f and C b were determined experimentally for the fitting equation. pHluorin calibration curves were constructed by fitting scatter plots of 530 nm/480 nm emission 143 ratios to the Boltzmann equation (Rossano et al., 2013) . 144 145 Viral vector expression. Adeno-associated viral particles (AAV2/1-2 serotype) driving Cre 146 recombinase expression, Cre-dependent or -independent expression of SCLM, SE-pHluorin, 147
Cerulean-Venus or EGFP, all under the control of the Synapsin minimal promoter, were prepared 148 for stereotaxic injections (Schwenger and Kuner, 2010) . To achieve sparse but bright labelling of 149 neurons that permitted the identification of each cell's projections, we co-injected AAVs encoding 150 the Cre-dependent fluorescent proteins/sensors together with highly diluted (1/1000 to 1/5000) 151
AAVs encoding nucleus-targeted Cre recombinase. Thus, due to the likelihood of the multiplicity of 152 infection, very sparse but brightly labelled neurons could be imaged resolving their individual 153 projections. 154 155
Stereotaxic injection. For injection and craniectomy, mice were anesthetized by i.p. injection of a 156 mixture of 40 µl fentanyl (1 mg/ml; Janssen), 160 µl midazolam (5 mg/ml; Hameln) and 60 µl 157 medetomidin (1 mg/ml; Pfizer), dosed in 3.1 µl/g body weight, placed in a stereotaxic headholder 158
(Kopf) and a circular craniectomy (~7mm) centered at bregma was made with a dental drill. The 159 dura was carefully removed over the area for later injection with fine forceps cautiously avoiding 160 damaging blood vessels. AAV particles were injected at L2/3 M1 motor cortex using the following 161 coordinates: in mm from the centre of the craniectomy, considered bregma, (x; y) = (1; 0). M1 162 cortex injections were performed using glass pipettes lowered to a depth of 300 µm to target L2/3. 163
AAVs were injected using a syringe at a rate of ~1 µl/hr. Volumes of virus of ~0.2 µl were injected 164 per spot. All mutant mice used for virus injection were homozygous for the floxed KCC2 allele. A 165 round 6 mm diameter number 0 coverslip (cranial window) disinfected with 70% ethanol and a 166 custom made round plastic holder crown surrounding it for head fixation were cemented to the skull 167 using dental acrylic (Hager & Werken). We targeted L2/3 of M1 cortex due to the accessibility of 168 this cortical layer for 2P imaging and the convenience of the location over M1 cortex for hosting a 6 169 mm round cranial window, which allowed for multiple AAV injection sites thus refining our 170 technique to reduce the number of animals needed for our experiments in conformity with our 171 ethics statement. The skin wound around the window was also closed with dental acrylic. Mice 172 received an i.p. mixture of 120 µl naloxon (0.4 mg/ml; Inresa), 800 µl flumazenil (0.1 mg/ml; 173
Fresenius Kabi) and 60 µl antipamezole (5 mg/ml; Pfizer) dosed in 6.2 µl/g body weight at the end 174 of surgery to antagonize the anesthesia mix. Mice were given carprofen (Rimadyl, 5 mg/kg; Pfizer) 175
as an analgesic immediately before surgery. Mice were single housed after surgery and typically 176 imaged at least 28 days after virus injection and window implantation. 2P imaging of ratiometric sensors. In a typical imaging session, the fluorescence emission 218 collected at the shorter wavelength channel (cyan) was much weaker than the one from the longer 219 wavelength channel (yellow/green). Hence, excitation laser power settings were optimized for cyan 220 emission while avoiding saturation of the yellow/green emission channel, a compromise inherent to 221 the dynamic range of ratiometric sensors based on CFP and YFP FRET pairs. To avoid "divided by 222
background" ratio artefacts, we only analysed regions of interest (ROIs) that exceeded the emission 223 intensity of background twofold. For the sake of consistency, we only analysed fluorescence ratios 224 from cells with L2/3 pyramidal morphology, defined by the depth of the soma in the imaged 225 volume, its size, shape and the presence of a marked apical dendrite (for simplicity referred to as 226 pyramidal cells was evaluated using the Pearson correlation coefficient. A p < 0.05 was considered significant. 245
Results: 246
In vivo imaging of SCLM-expressing layer 2/3 cortical pyramidal neurons in anesthetized 247 mice. 248 To explore the [Cl -] i of neurons in the intact brain, we sparsely targeted SCLM expression to L2/3 249 of M1 cortex ( Fig. 1A ), typically obtaining one to ~20 neurons expressing SCLM in the entire 250 mouse brain (see methods for details). Using this criterion 31 pyramidal cells were analysed in dual 251 color 3D stacks obtained from 5 head-fixed anesthetized WT mice. The Topaz component of SCLM 252
gave rise to high fluorescence intensities even at depths of ~300 µm from the brain surface ( Fig.  253  1A, B ), yet Cerulean fluorescence was lower. At low [Cl -] i , Topaz effectively acts as an acceptor for 254 fluorescence resonance energy transfer from Cerulean, hence limiting the overall brightness of 255
Cerulean fluorescence emission. To illustrate the signal strength over background of each emission 256 channel rather than the intensity differences between the channels, both channels were clipped for 257 display (Fig. 1) . In most neurons analysed, a section of the apical dendrite of L2/3 pyramidal cells, 258
proximal to the soma, consistently produced bright fluorescence in both emission channels that 259 allowed reliable analysis. Regions with signal to background ratios of less than twofold were 260 excluded for calculating the 540 nm/480 nm emission ratio (SCLM ratio), with high ratios 261
representing low [Cl -] i (Fig. 1B) . 262 263
A cell by cell pairwise comparison between the average SCLM ratio measured from a ROI 264 spanning the soma or the apical dendrite of the 31 L2/3 pyramidal cells revealed no significant 265 difference (p = 0.3096, paired t-test; Fig. 1B ), suggesting that intracellular Cllevels are rather 266 homogeneous throughout these two subcellular compartments. Distal dendritic and spine [Cl -] i 267 could be imaged in some neurons (Fig. 1C ), nevertheless the lower signal to background ratio in 268 these structures precluded a systematic analysis. Additionally, these few distal spiny dendritic 269 stretches could not be traced back to a cell soma. Similarly, the Cerulean fluorescence at the basal 270 dendrites of L2/3 pyramidal cells was too low to produce reliable ratios ( Fig. 1D ). These results 271 suggest that [Cl -] i would be evenly distributed within the proximal somato-dendritic domain up to 272 ~100 µm from the soma of L2/3 pyramidal neurons. Unfortunately, technical limitations do not 273 allow measurements of [Cl -] i in thin superficial dendrites and their spines as well as in thin basal 274 dendrites deeper in the tissue. 275 276 We noticed that the fluorescence ratios differed substantially between individual neurons ( Fig. 1E ).
277
The large range of reported SCLM ratios could be a consequence of several factors: (1) depth-278 dependent differential scattering of the two emission wavelengths, (2) local in vivo imaging 279 conditions (i.e. number of large blood vessels within the imaging pathway or other conditions of 280 optical inhomogeneities), (3) biological variability, i.e. neurons having different resting [Cl -] i or 281 pH i , and (4) other factors. These issues will be addressed in following sections. 282 283
In summary, in vivo SCLM imaging with cellular resolution is feasible within cellular 284 compartments that produce sufficiently high fluorescence intensity in the Cerulean emission 285 channel at illumination intensities that do not saturate the Topaz channel, i.e. somata and thick 286 dendrites of neurons. Within the proximal somato-dendritic domain spanning ~100 µm, [Cl -] i would 287 be evenly distributed with no detectable intracellular gradients in [Cl -] i . 288 289
Depth-dependent differential scattering of cyan and yellow fluorescence? 290
An intrinsic issue of ratiometric sensors is that their different emission wavelengths could be 291 differentially scattered by the tissue, hence photons of different wavelengths emitted by SCLM 292
travelling through different amounts of brain tissue at different imaging depths could produce 293 depth-dependent artificial ratios. To address this problem, we designed an environmentally 294 insensitive SCLM variant by replacing the Cland pH sensitive Topaz yellow fluorescent protein 295 with the reduced environmental sensitivity YFP variant Venus (Nagai et al., 2002) . The pK a value 296 of Venus (6, (Nagai et al., 2002) ) is slightly lower than that of SCLM (6.4, (Grimley et al., 2013)) 297 and the K d for Clof Venus (10 M, (Nagai et al., 2002) ) is strongly increased. Thus, Venus can be 298 considered insensitive to Cl -, yet slightly sensitive to pH. Cerulean is insensitive to pH in the range 299 tested (pK a = 4.7, (Shaner et al., 2005) ) and its emission is not influenced by Cl - (Kuner and  300 Augustine, 2000; Grimley et al., 2013) . Hence, we replaced Topaz in SCLM with Venus, obtaining 301
Cerulean-Venus. Thus, depth-dependent ratio changes would indicate differential scattering, while 302 an invariant ratio would argue for depth-independence. 303 304 We sparsely expressed Cerulean-Venus in L2/3 pyramidal neurons of the motor cortex, under the 305 same settings used with SCLM. We then recorded emission ratios at somas and apical dendrites at 306 different imaging depths and included the surface of the brain in the image stack to estimate the 307 depth of the somas ( Fig. 2A) . In vivo 2P 3D stacks obtained from six head fixed anesthetized WT 308 mice revealed that average somatic Cerulean-Venus ratios did not significantly correlate with the 309 depth of the soma centroid (Pearson r = -0.01256, p = 0.9296, n = 52 cells; Fig. 2A, B ). To further 310 assess the influence of light scattering in our measurements, we studied the emission ratio along the 311 longitudinal axis of the neurons from the base of the soma towards the surface of the cortex along 312 the apical dendrite until the most superficial position possible ( Fig. 2A , right panel). While 313 individual cells had rather different ratios, we could not find systematic shifts of the ratio along the 314 dendritic tree ( Fig. 2C ). We evaluated the correlation of the emission ratio versus the distance along 315 the longitudinal axis for each cell and found both positive and negative correlations (Fig. 2D ). The 316 expected effect of scattering should manifest itself in only one sense of correlation, likely negative 317 in this case due to higher scattering of shorter wavelengths. When analysing this correlation in a cell 318 by cell basis we found that 67% of the cells (n = 52) displayed Pearson correlation coefficients 319 between -0.3 and 0.3, which could be considered weak or no correlation. Only in 26% of the cells, 320
we observed coefficients lower than -0.3 and in 7% higher than 0.3. Thus, we conclude that 321 differential depth-dependend scattering, within the range covered by our experiments, does not 322 contaminate the ratiometric readout. 323 324
Similar to the ratios recorded with SCLM, Cerulean-Venus ratios displayed a pronounced 325 dispersion when comparing different cells (Fig. 2C ). The observation that the ratios obtained with 326 the environmentally much less sensitive Cerulean-Venus and SCLM are dispersed in a similar 327 fashion, suggests that the observed dispersion in SCLM ratios is not due to variation in intracellular 328
[Cl -] i between cells. This point will be further elaborated below. 329 330
In vivo ratiometric imaging of SE-pHluorin-expressing layer 2/3 cortical pyramidal neurons. 331 SCLM presents a sensitivity to pH that cannot be ignored as pH significantly affects the K d of Cl -332 for SCLM (Grimley et al., 2013) . To determine the neuronal pH i , we imaged L2/3 neurons of the 333 motor cortex expressing SE-pHluorin. SE-pHluorin has been successfully used as a ratiometric pH 334
indicator in vitro using excitation and emission wavelengths similar to those used for SCLM 335 (Rossano et al., 2013) , facilitating the implementation of this sensor for ratiometric pH estimations 336 through minimal modifications to our method. SE-pHluorin was excited at 810 nm and 530 nm and 337 480 nm emission filters were used to calculate the 530 nm/480 nm ratio as a measure of pH i (see 338 methods). 339 340
To determine the average pH i of the imaged cells, we constructed a calibration curve in SE-341 pHluorin-expressing hippocampal neuronal cultures by clamping pH i to the extracellular saline by 342 means of ionophore treatment at close to physiological temperature (35 ± 2°C). We fitted the data to 343 the Boltzmann equation (r 2 = 0.7009) obtaining a best fit V 50 value of 7.49 ± 0.05 (Fig. 3A) . 344 345
We sparsely expressed SE-pHluorin in superficial layers of motor cortex. Image stacks obtained 346 from anesthetized mice revealed a similar compromise between the high intensity 530 nm emission 347 and low intensity 480 nm emission as reported above for SCLM. In this case, the 480 nm emission 348 at all processes including apical dendrites was too low to produce reliable ratios (double 480 nm 349 emission than background fluorescence without saturating 530 nm emission). Consequently, we 350 considered pyramidal cells having an oval/piriform soma with an extension representing the 351 proximal portion of an apical dendrite. Thus, this in vivo imaging approach deep in intact brain 352 tissue is limited to the somata of neurons and can not be used to assess pH i in small compartments 353 (Fig. 3B ). 354 355
Using the best fit parameters we calculated the intracellular pH corresponding to the average ratios 356
recorded in vivo at the somas of 27 L2/3 pyramidal neurons from 3 mice. We found pH i values 357 ranging from 6.5 to 7.5 with a mean of 7.1 ± 0.1 (mean ± 95% C.I., Fig. 3C ). 358 359
To rule out ratio artefacts due to imaging depth and differential scattering of the emission 360 wavelengths, we repeated our experiments employing EGFP, which has reduced pH sensitivity 361
(pKa = 6, (Shaner et al., 2005) ). We co-injected three mice with AAVs encoding Cre-dependent 362 EGFP together with highly diluted Cre AAVs for bright and sparse labelling and repeated our 363 measurements at L2/3 neurons using the same settings as with SE-pHluorin. We recorded somatic 364 average emission ratios as a function of imaging depth. 3D stacks obtained from in vivo imaging 365 sessions from 3 head fixed anesthetized WT mice revealed that the 530 nm/480 nm emission ratio 366 of EGFP is not significantly correlated to the depth of the recorded soma in the tissue (Fig. 3D ). 367
Hence, depth-dependent scattering in the emission wavelengths of SE-pHluorin is unlikely to affect 368 our in vivo ratiometric pH estimations. 369 370
Interestingly, the ratios recorded with SE-pHluorin, displayed a pronounced dispersion that was 371 significantly greater than those recorded with EGFP (for average somatic ratios, standard deviation: 372 EGFP = 1.8, n = 29 cells; SE-pHluorin = 2.5, n = 27 cells; p = 0.0010, Levene's test neurons to the extracellular saline through treatment with ionophores at a fixed pH corresponding to 383 the average pH i estimated in vivo (pH = 7.1, Fig. 4A ). To match physiological conditions we 384 constructed this curve at near physiological temperature (35 ± 2°C). In these conditions our best fit 385 value of K d for Clwas 13.6 ± 1.5 mM (r 2 = 0.6972, Fig. 4 B) . Using the best fit calibration curve, 386
we estimated that the [Cl -] i corresponding to the average SCLM ratio recorded in vivo at the somas 387 of L2/3 pyramidal neurons of the motor cortex was 5 ± 2 mM in the anesthetized state (mean ± 95% 388 C.I.). 389 390
Other factors affecting ratiometric emission measurements and error estimates associated 391 with pH changes. 392
As mentioned above, the observed variability in our ratiometric measurements could be explained 393 by irregularities in the optical properties of the tissue (e.g. presence of blood vessels) at different 394 parts of the volume imaged. To explore this possibility we compared the Cerulean-Venus emission 395 ratios obtained in vivo from L2/3 cortical neurons to the ones observed in vitro in hippocampal 396 neuronal cultures expressing Cerulean-Venus. Thus, neuronal cultures should be significantly less 397
influenced by uneven optical properties as the cells would be more exposed than they would when 398 located deep in intact brain tissue. We observed that the dispersion of Cerulean-Venus expressing 399 cells in vitro and in vivo did not differ significantly (for average somatic ratios, standard deviation: 400
in vivo = 2.4, n = 52 cells; in vitro = 3.5, n = 18 cells; p = 0.1406, Levene's test), indicating that the 401 variability in our ratiometric measurements was not caused by tissue inhomogeneity (Fig. 5A) , 402 leaving pH i differences between cells as a possible factor underlying this heterogeneity. To explore 403 this further, we treated hippocampal cultures expressing Cerulean-Venus or SCLM with ionophores 404
to manipulate their pH i at a fixed [Cl -] of 5 mM and compared their ratios to our in vivo datasets 405 (Fig. 5B) . To compare the variability in the ratios from these in vitro recordings at different pH i to 406 our in vivo datasets we evaluated the ratio difference from the population mean ratio (signed ratio 407 deviation, dRatio) at pH i 7 (in vitro dataset) or 7.1 (in vivo dataset). We compared the span of the 408 best fit curve and the 95% confidence band from the Cerulean-Venus or SCLM dRatio as a function 409 of pH i plots, within the range of pH i estimated in vivo (6.5-7.5), to the ratio deviation obtained from 410 in vivo measurements. In doing so, we observed that the pH sensitivity of Cerulean-Venus or SCLM 411
could account for practically all of the variability observed in vivo (Fig. 5C, D) . This result further 412 supports that the observed variability in somatic SCLM ratios does not reflect a range of diverse 413 neuronal [Cl -] i, but rather represents the range of pH i we observed in vivo. 414 415
Based on the quite pronounced variability of pH i readouts, SCLM-expressing neurons may have a 416 pH i deviating from the average pH i of 7.1, thereby introducing an error in the calculation of [Cl -] i 417 using the calibration curve constructed at the average in vivo pH i . We estimated the extent of error 418 introduced by this approach by using the SCLM calibration curve produced at pH 7.1 to calculate 419 the [Cl -] i corresponding to the ratios measured in vitro for Figure 5D within the in vivo estimated 420 pH i range ( Fig 3C) . Within this pH range (6.5-7.5), if we use the SCLM calibration curve 421 performed at pH 7.1 to calculate the [Cl -] i in a cell by cell basis, an error of up to ± 8 mM could be 422
introduced to the [Cl -] i (Fig. 5E) In vivo imaging of SCLM and SE-pHluorin-expressing layer 2/3 cortical pyramidal neurons in 429 awake mice. 430
The anesthetized condition generally involves increased GABAergic inhibition (MacIver, 2014). 431
This could influence [Cl -] i , producing estimates that are not representative of the physiological 432 awake state. We imaged SCLM expressing neurons after initial isofluorane anesthesia in the awake 433 state (Fig. 6A) . We performed again a cell by cell pairwise comparison between the average 434 somatic SCLM ratio and the average apical dendritic ratio of 24 L2/3 pyramidal cells from 5 mice 435 and observed no significant difference (p = 0.5330, Wilcoxon signed rank test; Fig. 6B ), suggesting 436 that our previous observation about [Cl -] i being homogeneous throughout these two subcellular 437 compartments is not related to the anesthetized condition. Imaging in the awake state did not reveal 438 significant differences in the distribution of somatic SCLM ratios (p = 0.9120, Kolmogorov-439 Smirnov; Fig. 6C ), indicating that the steady-state neuronal [Cl -] i is not affected by isoflurane 440 anesthesia and that SCLM ratios measured under anesthesia are representative of the awake state. A 441 cell by cell pairwise comparison between the average somatic SCLM ratio recorded from 24 442 identified L2/3 pyramidal cells from 5 mice in the anesthetized and awake state showed no 443 significant difference (p = 0.6949, paired t-test; Fig. 6D ), further supporting this notion. 444 445
To estimate [Cl -] i in the awake state using a calibration curve, we first studied pH i . Hence, we 446 imaged SE-pHluorin in the awake state ( Fig. 6E ) and found that the pHi distribution is not 447 significantly different to the one obtained under isoflurane anesthesia (p = 0.2750, Kolmogorov-448 Smirnov; Fig. 6F ). This result suggests that imaging SE-pHluorin under isoflurane anesthesia also 449 does not produce artefactual measures of steady-state pH i . A cell by cell pairwise comparison 450 between the average somatic pH recorded from 11 identified L2/3 pyramidal cells from 3 mice in 451 the anesthetized and awake state showed no significant difference (p = 0.4822, paired t-test; Fig.  452 6G). 453 454
More importantly, these results suggest that the previous observation about the steady-state SCLM 455 ratio being unaffected by anesthesia is truly reflecting a lack of effect on [Cl -] i . Using our best fit 456 calibration curve (Fig. 5) , we estimated the [Cl -] i using the average somatic SCLM ratio recorded in 457 vivo in the awake state to be 6 ± 2 mM (mean ± 95% C.I.). 458 459
To conclude, we did not find differences in [Cl -] i or pH i in cortical neurons of isofluorane 460 anesthetized versus awake mice, suggesting that steady-state [Cl -] i or pH i are not affected by 461 isoflurane anesthesia. 462 463
In
vivo effect of KCC2 deletion on the steady-state [Cl -] i of adult layer 2/3 cortex neurons. 464
As a proof of principle of our in vivo imaging approach and to explore the factors affecting the 465 steady-state neuronal intracellular Clin vivo, we co- (from now on Ctrl cells). Additionally, to validate these measurements we determined the pH i in 473
Ctrl cells and KCC2 KO cells of KCC2 lox/lox mice using SE-pHluorin and following the 474 aforementioned approach (+/-Cre). The expression of Cre-independent SCLM and SE-pHluorin 475 under the Synapsin promoter in vivo did not permit to distinguish pyramidal cell morphology as 476 clearly as our Cre-dependent dilution approach, as the concomitant labelling of the tissue is much 477 denser. Therefore, in these cases cells with clear pyramidal neuron morphology were carefully 478 selected for further analysis, thus discarding the great majority of labelled cells. 479 480
In vivo imaging of SE-pHluorin labelled KCC2 KO and Ctrl cells from 6 KCC2 lox/lox mice showed 481 that the KO did not affect the pH i distribution (Anesthetized: p = 0.0990; Awake: p = 0.2980; 482
Kolmogorov-Smirnov; Fig. 7A ). Again, we confirmed in the KCC2 lox/lox genetic background, that 483 isoflurane anesthesia does not affect the steady-state neuronal pH i distribution (+ Cre: p = 0.8180; -484
Cre: p = 0.2710; Kolmogorov-Smirnov; Fig. 7A ). 485 486
In vivo imaging of SCLM-labelled KCC2 KO cells from 6 mice showed significantly different 487 average somatic SCLM ratio distributions than Ctrl (-Cre) cells from 3 mice (Anesthetized: p < 488 0.0001; Awake: p < 0.0001; Kolmogorov-Smirnov; Fig. 7B, C) . Once again, we observed no 489 significant effect of isoflurane anesthesia in the SCLM ratio distributions from KCC2 lox/lox mice, 490
further supporting that isoflurane does not affect the distribution of steady-state neuronal [Cl -] i (+ 491
Cre: p = 0.6650; -Cre: p = 0.8600; Kolmogorov-Smirnov; Fig. 7B ). The observed lack of change in 492 the pH i distribution (Fig. 7A ) confirms that the observed changes in the SCLM ratio distribution 493 induced by deleting KCC2 (Fig. 7B ) are caused by changes in the steady-state neuronal [Cl -] i , ruling 494 out the influence of pH on SCLM ratios. Altogether, these results point out that the KO of KCC2 495 produces a shift towards lower SCLM ratios, which represent higher neuronal [Cl -] i and that this 496 effect is discernible in vivo using SCLM. 497 498
To calculate an estimate of the change in the average neuronal steady-state [Cl -] i we constructed an 499 in vitro calibration curve as previously described. We chose to produce this calibration curve at pH 500 7.45 because this value was not significantly different to the mean pH i recorded in KCC2 KO cells 501 from KCC2 lox/lox mice in both anesthetized or awake conditions (Anesthetized: p = 0.2163; Awake: 502 p = 0.1941; Wilcoxon signed rank test). Thus, we used this single calibration curve produced at pH 503 7.45 to calculate estimates of the steady-state [Cl -] i from the mean SCLM ratios recorded in vivo at 504 the somas of KCC2 KO cells. This calibration curve showed a higher maximum ratio and K d than 505
the one produced at pH 7.1 (Fig. 7D) factors inherent to this in vitro preparation such as abnormal neuronal activity, which can affect 539 cation-Clco-transporter trafficking and activation (Kaila et al., 2014) . In this respect our study 540
undertakes the effort to keep the intact native conditions of brain tissue as close as possible to the 541 physiological state to avoid these issues. Under these conditions, we did not find evidence of a [Cl -] i 542 gradient at the proximal portion (up to ~100 µm away from the soma) of the apical dendrite of L2/3 543 pyramidal neurons. 544 545
We found a steady-state pH i of 7.1 ± 0.1 mM at the neuronal soma which is consistent with in vitro 546
reports ( Thus it is possible that cells with different activity levels would underlie the observed range in pH i . 551
We could not systematically explore the occurrence of gradients in pH i along the somato-dendritic 552 axis, which is necessary to validate our result suggesting homogeneous [Cl -] i along this 553 compartment. Nevertheless, the occurrence of simultaneous [Cl -] i and pH i gradients producing 554 perfectly opposing effects on SCLM ratios is highly unlikely. This is supported by our observation 555 that somato-dendritic pH gradients could not be detected with the Cl --insensitive but slightly pH-556
sensitive Cerulean-Venus protein that otherwise reported cell-to-cell differences in pH. In 557 conclusion we found that under native conditions of the awake adult brain, pH i differs between cells 558 by a large margin. 559 560
We provide in vivo evidence of the essential role of KCC2 in producing low neuronal [Cl -] i in adult 561 mouse neurons (Kaila et al., 2014; Doyon et al., 2016 of KCC2 is expected to impact neuronal activity as it is evidenced in reports using pharmacological 567 inhibitors of KCC2 in primary neuronal cultures, acute brain slices and in vivo (Sivakumaran et al., 568 2015) . In consequence, this change in neuronal activity could affect pH i (Chesler and Kaila, 1992) . 569
Nevertheless, the sparse AAV-driven Cre recombinase expression in KCC2 lox/lox mice affect only a 570 small subset of neurons in the cortex in contrast to the global network effect of pharmacological 571 KCC2 inhibitors which leads to epileptiform activity. Hence, even though the Cldriven synaptic 572 inputs to KCC2 KO neurons would likely cause excitation, the overall inputs to the neuron would 573 not be as drastically enhanced as in an epileptiform event, consistent with the observed lack of 574 effect of the KCC2 KO on pH i . Nonetheless, further controls of neuronal activity in KCC2 KO and 575
Ctrl cells should be produced to fully address this point in future research. 576 577
Finally, our study provides a foundation for future in vivo research employing Cland pH imaging 578 in healthy and diseased tissue. While this paper was under review, Sulis Sato et al. (2017) published 579
an in vivo Cland pH imaging study using ClopHensor. In the following paragraphs we briefly 580 compare the results produced by both sensors and discuss their strengths and caveats. In vivo 2P 581
imaging of SCLM or SE-pHluorin showed a modest subcellular resolution. The main factor limiting 582 this is the restricted 2P illumination settings needed to excite SCLM without saturating the Topaz 583 emission channel, still obtaining reliable signal to noise levels in the Cerulean channel. Shorter 2P 584 excitation wavelengths (800 nm) did not significantly improve this (data not shown). Alternatively, 585
changing the relative sensitivity of the PMTs or replacing Cerulean for the higher quantum yield 586 variant Teal, dramatically reduced the dynamic range of SCLM , thus practically abolishing the 587 ability to resolve different [Cl -] i (data not shown). Hence, the settings reported here represent the 588 best compromise we found, still allowing us to explore the subcellular steady-state [Cl -] i between 589 the soma and apical dendrite of pyramidal neurons. Sulis Sato et al. (2017) did not explore 590 subcellular differences in [Cl -] i and pH i due to better signal-to-noise levels at the soma compared to 591 the dendrites, implying a similar limitation of ClopHensor. 592
The approach we describe to produce ratiometric Cland pH estimations is not affected by 593 isoflurane anesthesia. The anesthetized condition generally involves increased GABAergic 594 inhibition (MacIver, 2014) and can have profound effects on breathing which could potentially alter 595 cellular pH homeostasis (Massey et al., 2015) . In the case of isoflurane, it has been reported to 596 significantly enhance GABAergic inhibition in rat hippocampal slices and to mask the 597 chemosensitivity of pH/CO Our approach was also not affected by light scattering caused by tissue depth or uneven optical 604
properties. The use of ratiometric sensors such as SCLM deep in scattering tissue is expected to be 605 hampered by differential scattering of two spectrally different fluorescence emissions. This study 606
was started with such expectation in mind and fluorescence life time imaging (FLIM) of the SCLM 607 donor (Cerulean) was employed to obtain a depth-independent readout. However, the changes in 608 life time as a function of [Cl -] in in vitro calibration curves were too small in order to resolve 609 changes of [Cl -] in the physiologically relevant range (data not shown). The emission ratio of an 610 environmentally less sensitive construct, Cerulean-Venus, did not significantly change up to a depth 611 of approximately 350-400 µm. Therefore, motor cortex, and possibly brain tissue in general, 612 appears to scatter emission light in the range from 480 to 540 nm in a manner so similar that 613 changes in the ratio as a function of depth were not evident, suggesting that this spectral range can 614 be used for ratiometric recordings without applying complicated depth-dependent corrections. This 615 is reported to be fundamentally different when ratiometric indicators using the green-red range of 616 the emission spectrum are employed, such as ClopHensor, as brain tissue shows a strong depth-617 dependent differential scattering for this range of the spectrum (Sulis Sato et al., 2017) . On the other 618 hand excitation light of different wavelengths can be differentially scattered as a function of 619 imaging depth producing "distortions" on the absorption spectra of fluorescent proteins (Sulis Sato 620 et al., 2017). Nevertheless, our ratiometric imaging approach required only one excitation 621 wavelength, making it relatively less prone to be affected by this issue in comparison to ClopHensor 622 (Sulis Sato et al., 2017) . Again, this is supported by the observed lack of correlation between the 623 imaging depth and the recorded ratios for Cerulean-Venus or EGFP expressing neurons in vivo. 624 625
Additionally the presence of blood vessels and fiber bundles can make the optical properties of 626 brain tissue inhomogeneous, which can also cause scattering artefacts. By comparing the Cerulean-627
Venus ratios recorded in vivo to the ones recorded in hippocampal cultures we demonstrated that 628 our ratiometric approach is not significantly affected by this factor. Altogether, we provide evidence 629
supporting that ratiometric imaging in the emission range from 480 to 540 nm is robust against 630 these inherent scattering-related issues of ratiometric imaging in intact brain tissue, an insight that 631 will be relevant for in vivo applications of a multitude of genetically encoded indicators employing 632 the CFP-YFP FRET pair. 633 634
The use of SCLM for intracellular Clestimations needs validation due to its pH sensitivity. Yet, 635 simultaneous recordings of pH i and [Cl -] i using this approach are technically not yet possible. The 636 observed diverse range of neuronal pH i makes SCLM readouts quite variable between individual 637 cells. This is a major limitation in SCLM imaging that demands a compatible method to 638 simultaneously measure pH i and achieve calculations of [Cl -] i for individual cells. Additionally, as 639 neuronal activity also affects pH i (Chesler and Kaila, 1992) , this also stresses the need of 640 simultaneous pH i readouts to assess dynamic neuronal Clchanges using SCLM. 641 642
In 
